We propose paramagnetic semiconductors as active media for refrigeration at cryogenic temperatures by adiabatic demagnetization. The paramagnetism of impurity dopants or structural defects can provide the entropy necessary for refrigeration at cryogenic temperatures. We present a simple model for the theoretical limitations to specific entropy and cooling power achievable by demagnetization of various semiconductor systems. Performance comparable to that of the commonly used paramagnetic salt cerous magnesium nitrate hydrate (CMN) is predicted.
We propose paramagnetic semiconductors as active media for refrigeration at cryogenic temperatures by adiabatic demagnetization. The paramagnetism of impurity dopants or structural defects can provide the entropy necessary for refrigeration at cryogenic temperatures. We present a simple model for the theoretical limitations to specific entropy and cooling power achievable by demagnetization of various semiconductor systems. Performance comparable to that of the commonly used paramagnetic salt cerous magnesium nitrate hydrate (CMN) is predicted.
The adiabatic cooling of paramagnetic spins achieves refrigeration on the basis of exchange of entropy in a thermodynamic cycle. The exchange of heat by magnetization of spins was first observed in iron 1 , and the magnetocaloric phenomenon was first applied to magnetic refrigeration by Giauque in 1933 2 . The methods and practice of magnetic refrigeration have since been developed over many years 3 , with the state-of-the-art involving the adiabatic demagnetization of electron spins in paramagnetic salt powders at the milliKelvin temperature scale, and nuclear spins in metals at the sub-milliKelvin temperature scale. There is renewed interest in developing new methods and materials for cryogenic refrigeration, driven by the development of new technologies such as quantum information processing 4, 5 that rely upon the generation of cryogenic temperatures.
New materials for adiabatic demagnetization are being developed, such as the intermetallic compound YbPt 2 Sn, which combines high specific entropy at T < 2 K with metallic conductivity 6 . Fundamental extensions to refrigeration by adiabatic demagnetization are also being developed. For example, continuous cycle cooling can be achieved by the exchange of spin entropy via a spin current, leading to the spin Peltier effect. Cooling has been experimentally demonstrated in a mesoscopic device 7 , spurring interest in the field of spin caloritronics 8 . Spin entropy is believed to play a dominant role in the large thermopower of the transition metal oxide Na x Co 2 O 4 at cryogenic temperatures 9 . The enhancement of magnetocaloric effects at quantum critical points, where changes in entropy induced by magnetic field are large, is an active area of research 10 . Another extension to the principle of refrigeration by manipulation of entropy with magnetic field is refrigeration by adiabatic magnetization of superconductors 11 . We propose paramagnetic semiconductors, such as Si:P shown schematically in Fig. 1a) , as the active medium for refrigeration by adiabatic demagnetization. Paramagnetism can originate from un-ionized impurity dopants or structural defects, both of which lead to localized magnetic moments. The thermodynamic cycle is that of a From an initial state (1) at a temperature Ti, a large field Bi leads to (isothermal) magnetization to a low entropy state (2) . Adiabatic demagnetization to a field B f leads to a low entropy state (3) at a low temperature T f = Ti · B f /Bi, cooling the paramagnetic refrigerant. Warming of the paramagnetic refrigerant returns the system to its initial state (1).
typical adiabatic demagnetization refrigeration cycle, as shown in Fig.1b . The spins of impurity dopants are polarized at a high field B i at an initial temperature T i to achieve a state of low entropy S(B i /T i ). An adiabatic sweep of magnetic field to a final B f < B i maintains constant entropy S(B f /T f ) = S(B i /T i ), thus bringing spins to a final temperature T f = T i · B f /B i . The reservoir of low temperature spins can thus be used as a refrigerant. Ever present diamagnetism does not make a arXiv:1706.00458v1 [cond-mat.mes-hall] 1 Jun 2017 contribution to field dependent entropy because diamagnetic magnetization M is temperature independent, and Maxwell's relation implies (∂S/∂B) T = (∂M/∂T ) B ∼ 0. Doped semiconductors have several properties that are advantageous for cryogenic refrigeration. The paramagnetic entropy S(B/T ) is proportional to the concentration of impurity dopant spins. There is a wide variety of semiconductor hosts and impurity dopants, giving a wide range of experimentally accessible impurity dopant properties and concentrations. Lastly, semiconductors are the most common substrate used for electronic and microelectromechanical (MEMS) devices, and thus offers the possibility of monolithic integration of solid state refrigerant with active devices. Silicon is particularly appealing because of its wide availability and well understood properties.
We develop a simple theoretical model for refrigeration by semiconductor paramagnetism, focussing our discussion on impurity doped semiconductors although similar principles apply to semiconductors with structural defects. An essential requirement for effective cooling is that the paramagnetic specific heat of donor bound electron spins (or acceptor bound hole spins) dominates over phonon specific heat and itinerant electron specific heat. This condition has been experimentally shown to be satisfied at low temperatures and moderate magnetic fields in heavily doped silicon, for example [12] [13] [14] . The phonon specific heat is
3 , where N A is Avogadro's number, Θ D is the Debye temperature of the semiconductor, V m is the molar volume and k B the Boltzmann constant. The paramagnetic specific heat is taken to be that of an ideal ensemble of non-interacting spin-1/2 impurity dopants, leading to the Schottky form 15 ,
where N s is the spin density, µ B is the Bohr magneton and g the Landé g-factor. The generalization to spin-J impurity dopants is straightforward 3 . Itinerant electrons in semiconductors with impurity dopant concentrations exceeding the critical density of the metal-insulator transition (MIT) leads to a third contribution to specific heat,
, where DOS(E F ) is the density of states (DOS) at the Fermi energy.
There are several heavily doped semiconductors in which paramagnetism has been observed. As will be discussed further below, the density N s of impurity bound spins depends upon the impurity dopant concentration N D in a non-trivial manner. Theoretical specific heat curves at a modest magnetic field of B = 100 mT are shown in Fig. 2 based on experimentally measured spin densities N s for a variety of semiconductor systems. Fig. 2a) shows the theoretical specific heat of Si:P with the maximum spin-1/2 density reported to date, N s = 3 × 10 17 cm −3 at a P doping density
18 cm −3 , as inferred from specific heat measurements 13 . Fig. 2b) shows the theoretical specific and corresponding spin-1/2 density Ns = 3 × 10 17 cm −3 as measured by specific heat 13 . The free electron density was estimated as n = ND − Ns. b) 4H-SiC:N at an N density ND = 7.5 × 10 18 cm −3 and corresponding spin-1/2 density Ns = 3.0 × 10 18 cm −3 as measured by electron spin resonance 16 . The free electron density was estimated as n = ND −Ns. c) GaN:Mn at an Mn density ND = 4.45×10
19 cm −3
and corresponding spin-5/2 density Ns = ND as measured by magnetization 17 . The free electron density was measured to be n 1.0 × 10 18 cm −3 .
Ge:As heat of 4H-SiC:N with the maximum spin-1/2 density reported to date, N s = 3 × 10 18 cm −3 at an N doping density N D = 7.5 × 10 18 cm −3 , as measured by electron spin resonance 16 . Fig. 2c) shows the theoretical specific heat of GaN:Mn at an Mn density N D = 4.45×10
19 cm −3 , where the spin-5/2 density N s = N D follows ideal paramagnetic behaviour as seen in direct measurement of magnetization 17 . The paramagnetic specific heat dominates over both phonon and electron contributions at temperatures of T ∼ 1 K, and thus magnetic field can be used to manipulate the entropy of these systems at T 1 K.
To elucidate paramagnetic refrigeration performance, it is useful to consider the explicit form of the paramagnetic entropy, again for non-interacting spin-1/2 impurity dopants 15 ,
where the dimensionless ratio x = gµ B B/2k B T determines the paramagnetic entropy per spin S/N s . The general case of a spin-J impurity is more complex, where J and x determine S/N s 3 . The most commonly used impurity dopants give spin-1/2 paramagnetism. There is a wide range of electron g-factors accessible in semiconductors, from g = +2 in silicon 18 through to g < −10 in III-V compound semiconductors with large spin-orbit coupling 19 . Because the cooling cycle occurs under ideal adiabatic conditions where ∆S = 0, the practical implication of g-factor selection is that it determines the magnetic field B i that is required to polarize spins into a low entropy state at the initial temperature T i .
The spin density N s is the most critical parameter that determines the cooling characteristics of the refrigerator. The maximum paramagnetic spin-J entropy that is available for refrigeration is ∆S = N s k B ln(2J +1). The maximum heat ∆Q that can be absorbed by the refrigerant at the final field B f is,
in the limit of a highly polarized state of the refrigerant, k B T f |g|µ B B f , prior to warming. In other words, the maximum heat that can be absorbed by N s spins is the energy required to fully depolarize the N s spins at the terminal field B f .
Importantly, electron spin relaxation times T 1 in semiconductors can vary by many orders of magnitude, decreasing to short times in the case of heavily doped semiconductors. For example, T 1 < 1 s for N s > 10 17 cm −3 in silicon 20 . Over the time scale of a demagnetization, typically of the order of 10 2 s to 10 4 s, the impurity spins and lattice phonons are effectively in thermal equilibrium, and a single temperature T describes the semiconductor lattice and spins. The rapid thermal equilibration time admits the possibility of isothermal heat extraction by demagnetization of the semiconductor. In the isothermal limit, the rate of heat extractioṅ Q from the environment by the semiconductor refrigerant isQ = TṠ = T (∂S/∂B) TḂ . In the case of the ideal spin-1/2 paramagnetic system, the heat extraction rate reaches a peak value ofQ peak = 0.448 · N s µḂ at a magnetic field µ B B peak = 0.772 · k B T .
The density N s of impurity bound spins, which is critical to refrigerator performance, itself depends upon the impurity dopant concentration N D . At impurity dopant concentrations well below the critical density N c of the MIT, single electrons are bound to impurity dopants and N s = N D . As the impurity concentration approaches the critical density N c , the spin density N s exhibits a maximum before decreasing with increasing N D . Experimental measurements of specific heat in Si:P 13 , electron spin resonance in Ge:As and 4H-SiC:N 16 , and electron spin resonance in GaN:Si 21 all show a rapid drop in spin density N s as the dopant density approaches the critical density N c . The microscopic mechanisms responsible for the loss of paramagnetism as N D approaches N c varies from one material system to another. Antiferromagnetic ordering has been postulated in the form of singlet formation at doubly occupied donor sites 21 and singlet formation of spatially proximate donor sites 13, 16 , per the theory of Bhatt and Lee 22 . From a thermodynamic perspective, the onset of spin ordering depletes the spin entropy that would otherwise be available for use in a magnetic refrigeration scheme. At doping densities above N c , electron delocalization reduces the density of localized electrons that contribute directly to paramagnetism. The Pauli paramagnetism of the delocalized electron gas above the MIT gives a temperature independent magnetization, and thus provides no entropy for magnetic refrigeration per the relation (∂S/∂B) T = (∂M/∂T ) B ∼ 0.
A summary of the specific spin entropy ∆S = N s k B ln(2J + 1) available for magnetic refrigeration for a variety of material systems is shown in Fig. 3 , on the basis of the experimentally measured spin density N s and angular momentum J. Several common doped semiconductor systems are compared, by thermal annealing to remove passivating hydrogen atoms and produce a-Si 25 . Neutron irradiation offers another alternative method of imparting paramagnetism to semiconductors 26 , with a spin-1 density of N s = 5.3 × 10 19 cm −3 achieved in 4H-SiC. The paramagnetism of neutron irradiated 4H-SiC is attributed to divacancies V Si V C with a magnetic moment of 2µ B 26 . Lastly, we note that significant paramagnetism can persist in dilute magnetic semiconductors such as Ga 1−x Mn x N 17 , where spin-5/2 paramagnetism of Mn at an effective concentration x eff = 0.061 was observed in a crystal with Mn fraction x = 0.096. Anti-ferromagnetic coupling reduces the paramagnetism of magnetic semiconductors, but nonetheless enables a spin-5/2 density of N s = 2.7 × 10 21 cm −3 to be achieved. For comparison, a commonly used paramagnetic salt for magnetic cryo-refrigeration is cerous magnesium nitrate hydrate (CMN) 27 , where the Ce 3+ ions give a spin-1/2 density of N s = 1.6 × 10 21 cm −3 . The magnetic semiconductor system Ga 1−x Mn x N gives a higher density of spins with higher momentum J than that of CMN.
We finally consider the minimum temperature T f that is achievable by adiabatic demagnetization. There is a critical temperature T c below which the spin system undergoes a transition to an ordered state, depleting entropy available for refrigeration and setting a limit to the achievable base temperature 3 . In the absence of the itinerant electrons of a metallic state, it is expected that magnetic dipole-dipole interactions set the temperature scale at which ordering occurs,
There is thus a trade-off between specific spin entropy ∆S ∝ N s and the minimum temperature T c ∝ N s , while the strength of spin-spin interaction varies from material to material. Ordering temperatures are typically determined experimentally. For example, the ordering temperature of CMN is T c = 2 mK 3 at N s = 1.6 × 10 21 cm −3 , and the ordering temperature of the recently discovered intermetallic compound YbPt 2 Sn is T c = 250 mK 6 at N s = 1.3 × 10 22 cm −3 . There is a paucity of experimental work reported on the spin ordering temperature of magnetic semiconductors. With spin densities comparable to or lower than that of CMN, semiconductor paramagnetism is expected to persist down to the ∼ mK temperature scale.
In conclusion, the measured spin-J and spin density N s of paramagnetic semiconductors provides spin entropy comparable to that of paramagnetic salts used in adiabatic demagnetization refrigerators. Paramagnetic semiconductors are thus appealing as solid state cryorefrigerants that can be monolithically integrated with active electronic components. Integration at this scale optimizes cooling by minimizing the volume of material to be cooled, and minimizing the number of interfaces that can contribute to parasitic thermal resistance. The chemical stability of semiconductors is also favourable in comparison with hydrated paramagnetic salts. Nonetheless, further work is required to identify the most promising semiconductor system, as their is a wide variety of impurity dopants and structural defects available to choose from. Significant experimental work is required to quantify the paramagnetic contribution to specific heat of semiconductors at cryogenic temperatures, and to determine the electron spin ordering temperatures that will set the temperature limit to magnetic refrigeration in these materials.
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